The recent development of spin dynamics opens perspectives for various applications based on spin waves, including logic devices. The first important step in the realization of spin-wave-based logics is the manipulation of spin-wave interference. Here, we present the experimental realization of a micrometre-scale spin-wave interferometer consisting of two parallel spin-wave waveguides. The spin waves propagate through the waveguides and the superposition or interference of the electrical signals corresponding to the spin waves is measured. A direct current flowing through a metal wire underneath one of the spin-wave waveguides affects the propagation properties of the corresponding spin wave. The signal of constructive or destructive interference depends on the magnitude and direction of the applied direct current. Thus, the present work demonstrates a unique manipulation of spin-wave interference.
antenna 1 at frequency (f) to generate an rf magnetic field. This rf magnetic field generates spin waves at the same frequency f in two waveguides (FM1 and FM2) of Co 20 Fe 60 B 20 above a normal metal, especially under the resonance condition. The resonance condition depends on H, f, and the wave vector (k). Spin waves propagate through the two spin-wave waveguides FM1 and FM2. Direct current (I dc ) can also be applied through FM2 to change the propagation properties of the spin wave propagating through it. The electrical signal produced inductively by FM1 interferes with that produced by FM2 within antenna 2, where the total interference signal is measured. In the following, we show that the measured interference signal entirely depends on the amplitudes of and relative phase between the spin waves. Thus, even though the spin waves do not actually interfere themselves, we use the term spin-wave interference in the following to remind us that the properties of spin waves are controlled for the realisation of interference. The measurements are carried out with a vector network analyser (VNA). Each antenna consists of two parallel branches or arms with width of 4 μm and edge-to-edge separation of 4 μm. The centre-to-centre separation between the two antennas is of the order of 20 μm. The antennas are electrically isolated from the waveguides by a layer of Al 2 O 3 that is 100 nm thick. The spin-wave waveguides have a width of either 20 or 10 μm and length of 250 μm to avoid spin-wave confinement from the edges along their lengths 24, 25 . To avoid the detection of a spin wave reflected from the edges along the lengths, the antennas are placed at the centre of the waveguides, perpendicular to the length. The centre-to-centre distance between the two waveguides is chosen as 40 μm to minimize dynamic dipolar coupling. H is applied in plane and perpendicular to the spin-wave waveguides (see also Methods). In the following, we concentrate on ferromagnetic waveguides that are 20 μm wide and 20 nm thick with a propagation distance of 20 μm before detection and an applied magnetic field of μ 0 H = 75 mT. A comparison with other devices is made later in the article.
From the measurement of the reflected spin-wave signal (S11), we obtained a resonance frequency of 9.6 GHz with a k of 0.4 rad.μm −1 . This is in agreement with the resonance frequency calculated using the analytical formula for the dispersion relation 26, 27 given by f HH M 2
, with γ/2π = 27.5 GHz/T, μ 0 M S = 1.45 T, and t being the thickness of the ferromagnetic layer. A typical transmitted signal (S21), from antenna 1 to antenna 2, measured with the VNA at I dc = 0 is presented in Fig. 2(a) . The Gilbert damping α is determined as 0.9 × 10 −3 ± 0.1 × 10 −3 . The propagation length is estimated as 11 μm (see also Supplementary Information). Oscillations in the transmitted signals, in phase (Re S21) and out of phase (Im S21) with the excitation signal, are observed. The oscillations in the transmitted signals are the result of exciting several k of propagation with the antenna 10, 11, 13 . Indeed, the geometry of our antennas allows us to excite and detect several k as presented in Fig. 2(b) . The excited k vectors are a continuous peak centred at k = 0.4 rad.μm −1 (a secondary peak is not observed), which corresponds to the wavelength of 16 μm imposed by the geometry of the antennas. The width of the spectrum of the k vector and the damping α together contribute to the width of the spin-wave spectra. A change in the resonant k arising from the dispersion relation affects the phase of the spin wave after propagation and thus leads to oscillations of the transmission signals (see also Supplementary Information). In the case of our interferometer, for a fixed f and H, I dc applied through FM2 generates an Oersted field that affects the effective magnetic field of FM2. I dc also generates Joule heating that reduces M S . Both the Joule heating and Oersted field contribute to the modification of the wave vector value k from k 1 (as in FM1 without I dc ) to k 2 (as in FM2 with I dc ). Thus, the spin waves in the two spin-wave waveguides have different phases when they arrive at the detection antenna. It is worth noting that a change in the k, effective field and/or M S affects the amplitude of the spin wave. The Oersted field is expected to reach 2.0 mT for a I dc of 90 mA, while the measured value is about 2.1 mT. This corresponds to a change in resonance frequency of 130 MHz, while a change of ~250 MHz in resonance frequency is needed to change the phase of the spin wave by 180°. Thus, the Oersted field itself is not strong enough to notably affect the spectrum in Fig. 2 (a) to obtain destructive interferences. The increase in temperature due to Joule heating is expected to be around 250-300 °C when a high current density (~1 × 10 11 A.m −2 ) is applied to achieve destructive interference. This would also induce a change in M S which increases the phase of the spin wave by 180°. This leads to the detection of spin-wave generated interferences by antenna 2 as we demonstrate below.
Experimental demonstration of the manipulation of spin-wave interference.
To evaluate the efficiency of the interferometer, we measured the transmitted spin-wave signals with a VNA at different f and applied I dc . The f is varied from 9. First, Re S21 ( Fig. 3(a) ) and Im S21 ( Fig. 3(b) ) evolve with I dc in a similar way but with a phase difference of 90°. This is evidence that the spin wave is transmitted. The second feature is the near-perfect symmetry of the maps with respect to the sign of I dc . This can be understood as follows. The Oersted field is added to the bias magnetic field for the determination of the resonant condition. However, this addition depends on the sign of I dc . Thus, for example, when Re S21 is zero for a given frequency without I dc , one would obtain either a positive or negative Re S21 while applying a positive or negative I dc , respectively. The transmitted signal should then have predominantly asymmetric behaviour with respect to the sign of I dc if there is only an Oersted field. However, negligible asymmetry is observed here for real and imaginary components of the transmitted signal at each frequency. Because the contribution from Joule heating ( I dc 2 ∝ ) is the same for positive and negative I dc , it tends to generate symmetric curves irrespective of the sign of I dc . Thus, the symmetry in our maps is mainly a consequence of Joule heating and the small asymmetric behaviour is a consequence of the Oersted field. Thus, the effect of the Oersted field on the dispersion is secondary to the effect of Joule heating of the sample under a bias magnetic field of 75 mT, and for I dc is sufficiently strong to noticeably affect the transmitted signals. The dominant nature of Joule heating on the modification of the dispersion (resonance) curve is in good agreement with The sample is the same as that described in Fig. 2(a) . The real part of the transmission between antennas 1 and 2 (Re S21) for different frequencies and applied I dc are shown in (a) and the imaginary part (Im S21) in (b). The phase because of spin-wave transmission detected by antenna 2 is presented in (c).
Scientific RepoRts | 5:09873 | DOi: 10.1038/srep09873 measurements (see Supplementary Information) realised with only one spin-wave waveguide through which I dc flows. The third feature is that the sign of the transmitted signal barely changes with I dc . As the spin wave in FM1 is unaffected by I dc , it creates a baseline around which the transmitted signal oscillates with I dc .
Using Re S21 and Im S21, we calculate the phase of the spin-wave signal detected by antenna 2. As expected, the resulting phase map (Fig. 3(c) ) has the same global behaviour as the transmission maps. However, in the phase map, there are four critical points around which the phase can take any possible value in response to a small change in I dc or the applied frequency. The four points are at (9.83 GHz, −45 mA), (9.79 GHz, 61 mA), (9.32 GHz, −52 mA), and (9.27 GHz, 68 mA). To understand this behaviour, we present the transmitted power and corresponding phase for two representative frequencies, 9.57 GHz ( Fig. 4(a) ) and 9.32 GHz ( Fig. 4(b) ). The phase varies smoothly with I dc for f = 9.57 GHz, but abruptly for f = 9.32 GHz at I dc = −52 mA. Additionally, in the latter case of f = 9.32 GHz, the transmitted power reaches zero at I dc = −52 mA. Therefore, power associated with the spin-wave propagation also reaches zero. This means that the two spin waves in FM1 and FM2 have opposite phases but equal amplitudes, corresponding to totally destructive interference. This also explains the lack of continuity in the phase (for example, the phase suddenly jumps from −161° to 36° at 9.32 GHz and −52 mA) at the four critical points. Clearly, we cannot define a phase if there is no measurable signal. A consequence is that a slight change in the frequency or current can affect the amplitude and phase of the interference signal. In the case of positive current, a slightly higher current is required to tune k for totally destructive interference at the same frequency because of the competition between the Oersted field and Joule heating. However, the higher current also results in a increment of temperature (via Joule heating). The spin-wave amplitude thus differs from that in the case of negative current. Therefore, a small signal is still transferred and the phase becomes continuous. In this case, the interference is partially destructive. There is totally destructive interference at 9.27 GHz and 68 mA for positive current, against 9.32 GHz and −52 mA for negative current. For frequencies far from frequencies of totally destructive interference (e.g., 9.57 GHz), the amplitude of the spin wave in FM2 is too different from that in FM1 for there to be totally destructive interference, even when the phases are opposite. Thus, in spite of a notable decrease in the received power (which is sufficient for logic devices) arising from partially destructive interference, the phase is continuous with smaller variations than in the case of totally destructive interference.
We note here that no other effects of the direct current on the spin wave, such as a spin-wave Doppler shift 28 were observed for our samples (see Supplementary Information for more details). Thus, at fixed frequency, I dc only affects the spin-wave dispersion relation through Joule heating and the Oersted field. Both contribute to the manipulation of the interference by modifying the k of the spin wave propagating through FM2. It is worth noting that the received signal is a wave and not simply a pulse 14 . Therefore, the signal can be reused especially after amplification 16 in more complex spin-wave devices. We can change the number of oscillations or periods of the transmitted signal at I dc = 0, as seen in Fig. 2(a) by changing The sample is similar to that described in Fig. 2 with 10 nm-thick CoFeB. Interference maps similar to those in Fig. 3 are presented in (a), (b) and (c) for a bias magnetic field of 10 mT and propagation distance of 19 μm. either the distance between emission and reception 11, 13 antennae or the thickness of the ferromagnetic layer. In this case, a different value of I dc is required to obtain the required change in phase of 180° in one arm of the interferometer compared with the other arm to achieve destructive interference. However, the physics remains the same.
The application of a stronger magnetic field to any device could be problematic. Thus, last, we present the interference obtained under a lower-bias magnetic field of 10 mT. The colour map of the interference as a function of frequency and current is presented in Fig. 5 . Unlike the case for a stronger magnetic field, the map is mainly asymmetric with respect to the sign of I dc . As explained above, this means that the Oersted field dominates the variations in the dispersion relation. The reason is explained as follows. For a weaker magnetic field, the Oersted field leads to greater relative variations in the effective magnetic field. However, we reach totally destructive interference at a frequency around 3.75 GHz and I dc around −70 mA, where the phase is not well defined. The predominance of the Oersted field over Joule heating means that the colour map of interference is less symmetric with respect to the sign of I dc . We can define a threshold current here. Above this threshold current, an increase in positive current modifies the transmission more through Joule heating (where the effect is proportional to I dc 2 ) than through the Oersted field (where the effect is proportional to I dc ). This threshold current is around 20-25 mA in Fig. 3 . From the dispersion relationship, one would expect the threshold current to be around 45-56 mA in Fig. 5 , where it is in fact found to be around 45-50 mA. This good agreement confirms the relative effects of the two contributions. However, the important point is that interference can also be driven from constructive (no current) to destructive under a weak applied magnetic field. A weak magnetic field can be applied by dipolar coupling with a permanent magnet. This consideration has to be taken into account when determining the magnetic field required for spin-wave-based devices in spintronics.
Discussion
We experimentally demonstrated how spin-wave interference can be manipulated with a spin-wave interferometer on the micrometre scale. Unlike previous demonstrations on the millimetre scale 14, 23 , the entire length of the interferometer is used to produce interference. Here, we used direct current to modify dynamically the propagation properties of the spin wave in one of the two branches of our interferometer. We make the most of both Joule heating and the Oersted field produced by the direct current to control the wave vector and hence the phase of the propagating spin wave in one branch compared with that in the other branch for the same excitation frequency. The advantage of controlling the properties of spin-wave propagation with direct current is the ability to freely manipulate the interference. However, to reduce energy consumption, interference can also be manipulated by tuning the resonant conditions of the two arms of the interferometer either by choosing a different width (at smaller width, the width of the spin-wave waveguide also affects the resonant condition) or by choosing different ferromagnetic materials or magnonic crystals 29 for each spin-wave waveguide. These measurements can be extended in the time domain with modulated pulse excitation as in the literature 14 . Last, we used two antennas in our experiment (one for excitation of the spin wave in both waveguides and another for detection of the spin wave from both waveguides after propagation). However, one can also use one antenna (or any other instrument for magnon injection with a controllable k vector) per spin-wave waveguide with controlled phase (as in references 22 and 23) for excitation and one global antenna for detection. This would lead to spin-wave-based logics. If we have two antennas for the injection and still one for the reception, the two inputs would need to be out of phase to receive a signal at the receptor in the case of destructive interference. This would correspond to a kind of XNOR gate. With interferometers that are more complex (e.g., interferometers with more spin-wave waveguides), other logic functions can be designed, especially if the spin-wave-generated signal is stronger than the baseline 12 and the spin-wave propagation direction is imposed 17 .
Methods
Sample preparation. The samples were prepared in four steps. First, a Co 20 Fe 60 B 20 (20 or 10 nm)/ Ta(5 nm)/Ru(10 nm)/Ta(5 nm) layer was deposited on a SiO 2 /Si wafer by sputtering. Second, the spin-wave waveguides were defined by optical lithography and etching with an argon ion beam. Third, the 100 nm thick insulator Al 2 O 3 was deposited by sputtering everywhere except at the extremities of the spin-wave waveguides. Finally, the gold antennas Ti(4 nm)/Au(100 nm) and direct-current contacts were deposited using a combination of optical lithography, electron beam evaporation and lift-off processes.
Measurement. The measurements were made with a fixed in-plane bias magnetic field applied perpendicular to the length of the spin-wave waveguide with a magnetic field excitation generated by rf current, while sweeping the direct current applied through FM2. In spite of the good signal/baseline ratio obtained in a previous study 12 , we preferred to make measurements with a VNA. Thus, to remove the signal corresponding to inductive coupling between the two antennas from the transmitted spin-wave signals, measurements were performed under two magnetic fields, the one of interest and a reference magnetic field of 170 mT, where no spin waves were detected in the region of the measurement frequency. We then numerically removed the signals measured under the reference field from the signals measured under the field of interest to extract the signals corresponding only to the spin-wave propagation. The VNA basically measured two components of the transmitted signal: the real component (Re S21) that is in phase with the excitation signal, and the imaginary component (Im S21) that is out of phase with the excitation signal. The signal corresponding to spin-wave propagation was thus clearly determined along with its phase.
